Cyanobacteria are known to produce hepatotoxic substances, the functional and ecological role of these toxins, however, remains largely unclear. Toxic properties of cyanobacteria collected in Antarctica were investigated to determine whether toxin-producing species can also be found under these environmental conditions. Samples were collected from meltwater ponds on the McMurdo Ice Shelf, Antarctica in the summers of 1997 to 1999. These ponds are colonized by benthic algae and cyanobacterial mats. Oscillatoriales, Nodularia sp., and Nostoc sp. constituted the major taxa in freshwater ponds, while Nostoc sp. was missing from brackish and saline ponds. Samples were taken from either¯oating, submerged or benthic mats, and extracted for in vitro toxicity testing. The presence of toxins was determined by the phosphatase-inhibition assay and by high performance liquid chromatography. The cytotoxic properties of the extracts were investigated in hepatocytes determining 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide metabolism and trypan blue dye exclusion. The results show that all cyanobacterial extracts display phosphatase-inhibiting activity, of which approximately half had signi®cantly greater than 50% inhibiting activity. The presence of nodularin and microcystin-LR was established by high performance liquid chromatography. Cytotoxic properties, independent of the phosphatase inhibiting activity, were also detected. Toxic strains of cyanobacteria can therefore also be found in Antarctica and this ®nding may lead to further insight into potential ecological roles of cyanobacterial phosphatase inhibiting toxins. 7
Introduction
The Ross Sea region, Antarctica, contains a remarkably diverse spectrum of aquatic and semi-aquatic environments, despite the extremely low temperatures prevailing over most of the year. Habitats range from dilute meltwater and hypersaline ponds, ice shelf and glacier pools to mesotrophic and ultraoligotrophic lakes (Vincent and James, 1996) . An extensive meltwater system is produced in the ablation zone of the McMurdo Ice Shelf, in the northwest of the Ross Ice Shelf, where a 1500±2000 km 2 region of marine and moraine sedimentcoated ice is to a large extent covered by water at the end of the austral summer season. This interconnected meltwater system contains a type of topography called`u ndulating ice'', which is covered by a 10±20 cm layer of sediment and shows a variation in surface relief of up to 20 m (Howard-Williams et al., 1990) . The hollows are frequently occupied by ponds and lakes ranging in size from 1 to 30,000 m 2 . Pond chemistry is varied due to dierent ages of the ponds and due to sea water intrusions and lenses of mirabilite (Na 2 SO 4 +10H 2 O; Howard-Williams et al., 1989) . A second type of environment found in this region is an estuary, ā at area of interconnected ponds exposed to the tide (one per day) of McMurdo Sound and thus to sea water. Algal mats dominated by cyanobacteria, but also containing diatoms and planktonic¯agellates, make up a large part of the biomass in these summer meltwater ponds (Howard-Williams et al., 1989) . While the environment of the``undulating ice'' is characterized by a broad range in salinities and a greater diversity of taxa, the estuary shows less variation in salinities and less taxa in the algal mats. Cyanobacteria from many regions around the world have been shown to produce toxins. These toxins can be cyclic peptides such as the microcystins and nodularins, alkaloids such as anatoxin and the saxitoxins, cylindrospermopsin or lipopolysaccharides (Sivonen et al., 1989; Humpage et al., 1994; Rinehart et al., 1994; Ueno et al., 1996a) . The eects of the toxins on mammals and ®sh range from skin irritation, acute and chronic liver damage, including tumor promotion, to neurological symptoms (Carmichael, 1997) . Microcystins and nodularins act by inhibiting protein phosphatases which leads to hyperphosphorylation of cellular proteins such as cytokeratin 8 and 18 (Eriksson et al., 1990; MacKintosh et al., 1990) . Largely unknown is the physiological or ecological role these toxins play. Even though eutrophication of water bodies has been implicated in toxin synthesis (Skulberg et al., 1984) , the environmental conditions under which cyanobacteria produce toxins remain largely unclear. The functional roles of these toxins for cyanobacteria are also still uncertain. They have been suggested to include defense mechanisms against grazers or to provide an ecological advantage over algae (allelopathy; Christoersen, 1996) , but not over other cyanobacterial species (Shi et al., 1999) , to regulate endogenous protein phosphatases (Shi et al., 1999) or even as storage substances (Carmichael, 1997) .
This study was conducted in the austral summers (i.e. December±January) 1997±1999 in about 20 sample sites located both in the``undulating ice'' region and in an estuary just south of Bratina Island, an area of very slow ice movement between the Brown Peninsula and Black Island. The paper shows that cyanobacteria in Antarctica, like their temperate counterparts, produce phosphatase inhibiting and cytotoxic toxins. High toxin content was usually found in cyanobacterial mats containing Nodularia sp. and Oscillatoriales sp. in brackish or saline environments.
Materials and methods

Samples and sample sites
Samples of cyanobacterial mats were collected in December 1997, January 1998 and January 1999 from meltwater ponds on the McMurdo Ice Shelf just south of Bratina Island (78800 'S, 165830'E) from undulating ice regions (``around P70'' and`s econdary mat collecting area'') and from the estuary (``Bratina Island Estuary''). Most ponds were ice-free at the time of sampling while some, especially fresh water ponds, were covered with ice. Transects were taken in two ponds: horizontal (H2, H4) and perpendicular (T5) transects were taken in pond P70, while vertical (depth, V2, V7) transects were taken in Vesicle Pond. Samples were stored frozen until shipment on ice to Germany.
Water chemistry parameters such as salinity (refractometer Atago, KuÈ bler RH 312), conductivity (YSI Model 84 conductivity and salinity meter) and pH (pHmeter 691, Metrohm, Herisau, Switzerland) were determined.
Cyanobacterial taxonomy
Cyanobacterial genera and species in the mats were determined using light microscopy (magni®cation 100±1000Â) after ®xing the samples with Uthermoehl's solution (Schwoerbel, 1994) . A representative sample was described using the classi®cation system of Anagnostidis and Komarek (1988; Broady and Kibblewhite, 1991) .
Determination of organic content and extraction of cyanobacterial mat samples
Since samples may vary widely in their organic content due to the large amount of sediment embedded in the mats, they were lyophilized and the organic content was determined by furnace incineration at 6008C for 14 h. For toxin analysis, samples were extracted by sonication in 70% methanol for 60 min and subsequently centrifuged (47,800 g, 48C, 60 min). The extraction was performed twice, the supernatants pooled and rotary evaporated at 308C (Rotavapor R-114, BuÈ chi, Flawil, Switzerland, pump Vacuubrand, Wertheim, Germany). The extracts were solubilized with 100% methanol, dried under nitrogen and ®nally taken up in a de®ned volume of MilliQ water. Results were standardized to 200 mg organic content.
Determination of toxin content
In order to detect the presence of phosphatase inhibiting toxins such as the microcystins or nodularins, cyanobacterial mat extracts were tested in the protein phosphatase inhibition assay (PPIA; MacKintosh, 1993) and with high performance liquid chromatography (HPLC). PPIA was performed as described previously including an acid molybdate extraction step (MacKintosh, 1993) . In short, phosphorylase b was 32 P-labeled with [
32 P]ATP (kindly provided by W. Hofer, University of Konstanz) using phosphorylase kinase. Extracts were preincubated with rape seed phosphatase (MacKintosh and Cohen, 1989) for 10 min and subsequently incubated with [ 32 P]phosphorylase a for 5 min (all incubations at 308C). The reaction was stopped by addition of ice-cold 20% trichloroacetic acid and centrifugation. The supernatant containing free 32 P was extracted with acid molybdate, scintillation cocktail (Ready Safe, Beckman, Germany) was added and radioactivity counted in a scintillation counter (Beckman LS 6500, Beckman, Germany). Microcystin-LR (Calbiochem, Bad Soden, Germany) was used as a standard and results are expressed as percentage of an untreated control. The comparison of the inhibiting activities of the samples with the standard (microcystin-LR) allowed to semi-quantitatively determine the amounts of microcystin-LR-equivalents present in the samples. HPLC was performed on samples previously extracted by solid phase extraction through Isolute-C18 columns (International Sorbent Technology, UK; Lawton et al., 1994) . External standards were prepared by mixing microcystin-LR and nodularin as well as microcystin-YR and microcystin-RR (Sigma, Deisenhofen, Germany or Calbiochem, Bad Soden, Germany). Standards and samples were analyzed in acetonitril±0.0135 M ammonium acetate (27%:73%) in a Beckman Autosampler 507e, solvent module 125 with a UV detector module 166 using an Ultrasphere ODS column (250 Â 4.6 mm, 5 mm; Beckman Instruments GmbH, MuÈ nchen, Germany). Peaks with a similar retention time to standards were``spiked'' with a known amount of standard in order to further con®rm the presence of the toxin.
2.5. Isolation of trout hepatocytes and determination of cytotoxicity using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) and the trypan blue assays
The presence of cytotoxic substances in the cyanobacterial mat extracts was determined in the 1998 and 1999 samples using the MTT test and the trypan blue dye exclusion test in trout hepatocytes (Borenfreund et al., 1988) . Trout hepatocytes were isolated according to Ostrander et al. (1995) from rainbow trout (Oncorhynchus mykiss ) obtained from a local hatchery. The livers were perfused with ice-cold HBSS containing 0.2 mM EDTA, removed and following mechanical dissection digested with collagenase type IV (Sigma, Deisenhofen, Germany). Hepatocyte suspensions were plated in Primaria TM (Becton Dickinson, Heidelberg, Germany) multiwell plates after having been taken up in Eagle's MEM with Earle's salts containing 2 mM glutamine, 0.1 M MEM non-essential amino acids, 26 mM NaHCO 3 , 1.317 g/l NaCl, antibiotics (100,000 U/l penicillin G, 0.1 g/l streptomycin, 250 mg/l amphotericin B; all Life Technologies, Eggenstein-Leopoldshafen, Germany), and 10% bovine calf serum (Sigma, Deisenhofen, Germany). Incubation with the cyanobacterial extracts was performed serum-free over 24 h at 188C. A positive control (626 mM CuSO 4 ) was included. The MTT test is based on the formation of formazan from MTT by NAD(P)H-dependent enzymes. After solubilization of formazan, the absorption can be detected at 550 nm in a microplate reader (SLT, GroÈ dig, Austria). To exclude interference of the cyanobacterial extracts their absorption at 550 nm was subtracted. The trypan blue assay is based on the fact that only non-viable hepatocytes take up the dye.
Statistics
Outliers were determined using the extreme studentized deviate method (Barnett and Lewis, 1994) .
Results
Water chemistry
Water chemistry parameters in the dierent sample ponds varied widely (Table 1) . The estuary showed uniformly brackish water with a salinity between 5.7 and 9.7 parts per thousand (ppt) in 1998 and 1999, conductivity of 8.9± 10.7 mS/cm and pH values between 6.3 and 7.6. Ponds in the undulating ice region, on the other hand, ranged from fresh water (1.8 ppt, 0.16 mS/cm) to hypersaline (49 ppt, 55 mS/cm) with pH values between 6.67 and 8.28. The temperature varied between frozen water to 58C.
Taxonomy of cyanobacteria found in mats
Cyanobacterial species found in the mats belonged mostly to the Oscillatoriales, although Nostoc sp. and Nodularia sp. were also frequently encountered. Anabaena antarctica (akinetes) was regularly but infrequently found. Oscillatoriales are usually grouped according to their trychome width: Oscillatoriales 1±1.5 mm, Oscillatoriales 4±6 mm, Oscillatoriales 7±9 mm. In our study the Oscillatoriales 1±1.5 mm were represented by Phormidium de¯exum (West and West), Leptolyngbia frigida (Fritsch) and possibly by Pseudoanabaena sp., Oscillatoriales 4±6 mm by P. pseudopriestleyi (West and West), P. autumnale (West and West), and P. murrayi (West and West), and Oscillatoriales 7±9 mm by P. koettlitzi (Fritsch) and P. subproboscideum (West and West). The cyanobacterial mats showed a great biodiversity often containing between ®ve and eight species in one sample. This biodiversity was especially noticeable in the samples coming from brackish and hypersaline ponds (Fig. 4) , whose cyanobacterial mat communities were mostly formed by Oscillatoriales up to 6 mm in diameter and Nodularia sp., while Nostoc sp. was never encountered in the estuary or in saline ponds.
Phosphatase inhibiting activity of cyanobacterial mat extracts
In order to determine whether cyanobacteria from an extreme environment such as Antarctica also produce toxins inhibiting protein phosphatases, mat extracts were tested in the PPIA. The results show that almost all cyanobacterial mats tested, showed phosphatase inhibiting activity (Figs. 1±3) . About half of the samples tested even inhibited the activity by more than 50% compared to controls. This can be quanti®ed as r0.15 nM microcystin-LR-equivalents using the standard curve obtained with microcystin-LR. The median value over the years 1997±1999 was 0.2 nM.
It is also noticeable that phosphatase inhibiting toxin contents varied widely depending on the location of the sample site and on the water chemistry of the pond. The highest toxin contents could be found in the relatively brackish ponds (Figs. 1 and 4) . This species diversity could also be observed in freshwater mat sample 9, but only the presence of P. pseudopriestleyi in 1999 led to a high phosphatase inhibiting activity (Fig. 5) . As sample 36 however illustrates, a high species diversity does not necessarily lead to a high phosphatase inhibitory activity (Fig. 6) . 
HPLC analysis
In order to further identify the phosphatase inhibiting toxins, samples were analyzed by HPLC using comparison of retention times to standards and cochromatography. Examples (samples 8 and 21) are shown in Figs. 7 (a),(b) and 8. A comparison of both retention time and cochromatography showed the putative presence of both nodularin and microcystin-LR in sample 8, while sample 21 indicated the presence of nodularin.
Cytotoxic activity of cyanobacterial mat extracts
In addition to phosphatase inhibiting toxins Antarctic cyanobacteria also produced substances that were cytotoxic in trout hepatocytes (Figs. 9 and 10 ). This cytotoxic activity appeared to be unrelated to the mechanism leading to protein phosphatase inhibition. Indeed, some extracts (e.g. sample 26) having a very high inhibitory activity had no cytotoxic activity determined via MTT (Fig. 9) , while all extracts demonstrating high cytotoxicity also exhibited r50% phosphatase inhibition capacity. Another example demonstrating this dissociation between phosphatase inhibitory activity and eect on cell viability is sample 19, which in 1998 completely inhibited MTT metabolism in hepatocytes while no such eect could be seen in 1999. Phosphatase inhibitory activity, however, remained at the same level (40% of control) in both years. Cytotoxic activity of the cyanobacterial extracts was also tested by trypan blue assay, an assay testing thè`l eakiness'' of the cells. The results show that a number of extracts signi®cantly decreased cell viability in this assay (Fig. 10) . Furthermore, some samples inhibiting MTT activity showed no eect in trypan blue dye exclusion and vice versa.
Discussion
Toxic cyanobacterial species or strains have mainly been described from populated areas in temperate or tropical regions (Carmichael et al., 1988a (Carmichael et al., , 1988b Sivonen et al., 1989 Mez et al., 1996; Ueno et al., 1996b) . This is the ®rst description of toxin production in cyanobacteria from polar regions. These cyanobacteria form thick benthic mats in ponds on the McMurdo Ice Shelf and constitute a large part of the biomass. The variation in salinity, conductivity, pH and temperature found in the sample sites is characteristic for these ponds (Vincent, 1988; Howard-Williams et al., 1990; Hawes et al., 1993) . The cyanobacterial mats vary in species composition depending apparently on these ecological factors, since saline and hypersaline ponds promote greater biodiversity. Oscillatoriales sensu Anagnostidis and Komarek (1988) could be detected in almost all of the ponds including the hypersaline ones. Nodularia sp. and Anabaena sp. could also be detected quite regularly, while Nostoc sp. was restricted to freshwater ponds. Up to nine dierent cyanobacterial species could be identi®ed in one mat sample using morphological methods. One has to keep in mind, though, that the cyanobacterial species were identi®ed on the basis of trychome width, presence or absence of a calyptra, number of trychomes in a sheath and other morphological characteristics (Broady and Kibblewhite, 1991) . These morphological characteristics, however, can change under dierent environmental conditions (``ecophenes'') giving the false impression of varying species diversity. In the absence of a speci®c and reliable molecular taxonomic method for identi®cation at the species level, species identi®cation must therefore remain descriptive (Muyzer et al., 1993; NuÈ bel et al., 1997 NuÈ bel et al., , 1999 .
In order to detect cyanobacterial toxins, the phosphatase inhibition assay and HPLC analysis was used. Approximately half of the samples tested over the three study years inhibited phosphatase activity by more than 50%, corresponding to r0.15 nM microcystin-LR equivalents. This assay may however also detect other compounds besides microcystins and nodularins, such as okadaic acid or calyculin A (MacKintosh, 1993) , although it is unlikely that they were present in the Antarctic samples tested. The relatively high inhibitory activity found in the samples therefore can be attributed to the presence of cyclic peptide toxins. This was further con®rmed using HPLC which showed peaks displaying similar characteristics of both nodularin and microcystin-LR standards. The ecological role of cyclic peptide toxins, such as the microcystins and nodularins, has not been conclusively determined yet. It has, for example, been suggested that these toxins inhibit the growth of diatoms (Keating, 1978) and of other cyanobacterial species (Bagchi et al., 1990) . Contrary to this suggestion is the recent ®nding that cyanobacterial phosphatases are insensitive to microcystins (Shi et al., 1999) . Furthermore, the present study demonstrated the highest phosphatase inhibiting activity in cyanobacterial mats exhibiting a high species diversity. The predominance of cyanobacteria and the overt lack of large phytoplankton communities may largely result from environmental factors unfavorable to phytoplankton growth such as lack of nitrogen and/or temperature limitation Fig. 5 . Phosphatase inhibitory activity of cyanobacterial mat extract from sample site 9 (a freshwater pond in the``Secondary Mat Collecting Area'') and corresponding semi-quantitative taxonomic determinations of the collecting years 1997, 1998 and 1999. Phosphatase inhibition results are expressed as percent controls of triplicate determinations. (Hawes et al., 1993) and not from the presence of inhibitory toxins. A second potential ecological role of these toxins is protection against grazers. The environmental conditions in the ponds on the Ice Shelf do not support macroinvertebrate grazers, another reason for the great accumulation of these benthic mats (Hawes et al., 1993) . Heterotrophic¯agellates, rotifers, nematodes and tardigrades are present, however, on and within the mats. Studies investigating eects of cyanobacterial toxins on temperate counterparts of these taxa show equivocal results (Gilbert, 1994; Christoersen, 1996) . Interestingly, mats showing a high cyanobacterial species diversity also support microzooplankton communities (personal observations). Studies on the eects of cyanobacterial toxins in Antarctic rotifer and tardigrade species are yet lacking. The observed temporal variation in species composition and toxin content over the three sampling years may be due to variations in abiotic factors, e.g. meteorological conditions on the Ice Shelf or changes in water chemistry. It is, for example, known that conductivity usually increases over the course of January due to evaporative concentration, while nutrients normally remain stable (Hawes et al., 1993) . The between season variability in nutrient concentrations has been shown to be relatively high for the freshwater ponds but stable for those with a conductivity over 2000 mS/cm (Hawes et al., 1993) . Variability in species composition of the cyanobacterial mats may also be due to mats being blown by wind into other ponds or due to movement of cyanobacteria through the mats as it is known for the Oscillatoriales. The compound(s) responsible for the observed protein phosphatase independent cytotoxicity, i.e. determined via MTT and trypan blue, is at present unknown. However, a likely candidate may be scytonemin A, a pigment present in these cyanobacterial mats (Howard-Williams and Hawes, 1995) . Scytonemin A was shown to possess calcium-antagonistic activity (Moore et al., 1988) , thus having eects on cellular calcium homeostasis. Other secondary metabolites with cytotoxic activity have been described from the genus Scytonema, e.g. scytophycin A and B, macrolides showing cytotoxic and growth inhibitory activity in leukemia cells and in mouse lung carcinomas (Moore et al., 1986) . Phormidium, Oscillatoria and Lyngbya species have also been shown to produce compounds with antitumor activity (Moore et al., 1988) .
In this study it was shown that benthic cyanobacterial mats from Antarctic meltwater ponds produce phosphatase inhibiting and cytotoxic activity. These relatively``simple'' pond ecosystems oer the opportunity to study the functional and ecological role of the toxins. Species identi®cation of Antarctic cyanobacteria is currently based on morphological characterization (``morphotypes''; Broady and Kibblewhite, 1991) and while culture of these strains is possible (Broady et al., 1984) , toxic properties may be lost upon culture. It is therefore dicult to ascribe the production of toxins to speci®c species. The development of probes for the identi®cation of cyanobacterial species and for the detection of genes responsible for toxin synthesis (Muyzer et al., 1993; Neilan, 1996; NuÈ bel et al., 1997 NuÈ bel et al., , 1999 Fig. 10 . Cytotoxic activity of representative cyanobacterial mat extracts determined by trypan blue dye exclusion test in trout hepatocytes. Shown are the results of collecting years 1998 and 1999 of three to four replicate determinations. Neilan et al., 1999) in the near future should help to identify toxic cyanobacteria strains in the diverse communities of Antarctica as well as to elucidate their role in those ecosystems.
